Context. The increased sensitivity of millimeter-wave facilities now makes possible the detection of low amounts of gas in debris disks. Some of the gas-rich debris disks harbor peculiar properties, with possible pristine gas and secondary generated dust. The origin of the gas in these hybrid disks is strongly debated and the current sample is too sparse to understand this phenomenon. Aims. More detections are necessary to increase the statistics on this population. Lying at the final stages of evolution of protoplanetary disks and at the beginning of the debris disk phase, these objects could provide new insight into the processes involved in the making of planetary systems. Methods. We carried out a deep survey of the CO J=2→1 and CO J=3→2 lines with the APEX and IRAM radiotelescopes in young debris disks selected according to hybrid disk properties. The survey is complemented with a bibliographic study of the ratio between the emission of the gas and the continuum (S CO /F cont ) in CTTS, Herbig Ae, WTTS, hybrid, and debris disks. Results. Our sub-mm survey comprises 25 stars, including 17 new targets, and we increase the sensitivity limit by a factor 2 on eight sources compared to similar published studies. We report a 4 σ tentative detection of a double-peaked CO J=2→1 line around HD 23642; an eclipsing binary located in the Pleiades. We also reveal a correlation between the emission of the CO gas and the dust continuum from CTTS, Herbig Ae and few debris disks. The observed trend of the gas to dust flux ratio suggests a concurrent dissipation of the dust and gas components. Hybrid disks systematically lie above this trend, suggesting that these systems may witness a transient phase, when the dust has evolved more rapidly than the gas, with a flux ratio S CO /F cont enhanced by a factor of between 10 and 100 compared to standard (proto-)planetary disks.
Introduction
The scenarios of planet formation in disks are constrained by the observed lifetime of circumstellar material around pre-main sequence stars. This is particularly true for the late accretion phases of giant gaseous planets.
In gas-rich disks, significant progress has been made in the past decade to find direct evidence for disk evolution. Inner holes have been found in an increasing number of proto-planetary Class II disks (e.g. LkCa15, Piétu et al. 2006) , with a frequency as high as 20% (e.g. Owen & Clarke 2012) . In the cavity, the evolution of the gaseous component, and how it can affect the dynamics of the small grains during the last stages of (giant) planet formation is not yet known. Near-IR images of these transitional disks revealed for instance smaller inner holes than those seen at millimeter wavelengths (Garufi et al. 2013 ), a possible consequence of the spatial distribution of the residual, primordial gas.
On the other hand, significant IR excess has been associated with many main sequence stars (e.g. Eiroa et al. 2013 )), without any significant reservoir of gas except for a few younger (< 100 Myr) stars (Dent et al. 2013; Howard et al. 2013) . In these systems, the dust lifetime is short, and therefore the observed dust must be constantly replenished from collisions between exo-asteroids and/or exo-comets. These so-called debris disks represent extra-solar analogs to our Kuiper Belt. The young β Pictoris system is an impressive example of this sub-category.
It has an optically thin dust disk, and ALMA images of the cold CO emission reveal asymmetries that are attributed to the destruction of cometary-like bodies, possibly trapped by an unseen planet (Dent et al. 2014 ). The gas in this system is therefore not primordial.
Among young MS stars surrounded by debris disks, a handful of remarkable objects exhibit a substantial amount of primordial gas, making them hybrid disks between proto-planetary and debris disks: 49 Ceti (40 Myr, Zuckerman et al. 1995; Moór et al. 2011 ), HD 21997 (30 Myr, Kóspál et al. 2013 , HD 141569 (5 Myr, Dent et al. 2005) , and HD 131835 (16 Myr, Moór et al. 2015) . This raises questions over the specific physical conditions that allow CO gas disks to survive in stars as old as 30 Myr since most disks dissipate in ∼5-10 Myr only. The dominant physical mechanisms at play that dissipate such old gas disks are photoevaporation or runaway gas accretion by unseen giant planets, which may then present different characteristics since they would accrete on a longer timescale. The paucity of such hybrid systems may be explained by the very fast dissipation of the primordial reservoir of gas, as soon as this process has started. They may represent the missing link between proto-planetary and planetary systems, as suggested by the recent analysis of the ALMA observations of HD 21997 by Kóspál et al. (2013) , and should therefore be considered as transient systems with ongoing dissipation of their primordial gas component and last stages of (giant) planet formation. However, in some cases at least, part of the observed CO gas may be of second generation as suggested for 49 Ceti (Roberge et al. 2013) . So far, all these disks have been found around Herbig Ae stars and there are no equivalent hybrid disks observed around old T Tauri stars (Lieman-Sifry et al. 2016) .
Millimeter surveys of gas in debris disks yielded low detection rates, confirming the paucity of gas-rich disks. Dent et al. (2005) reported the first detection of CO J=3→2 in 49 Ceti from JCMT observations out of a sample of 59 HAeBe and Vega-like stars. Pascucci et al. (2006) focused on 15 (5-100 Myr old) stars from the FEPS sample, but their SMT search for CO J=2→1 and J = 3→2 lines yielded only non detections and upper-limits on the gas mass. Kastner et al. (2010) also failed to detect molecular gas emission with IRAM-30m antenna in a sample of 10 Vegalike stars. Only recently, Moór et al. (2011) discovered a significant CO J=3→2 and CO J=2→1 emission from the 30 Myr old star HD 21997 using the APEX/SHFI receiver. The most sensitive survey, however, only reached upper limits on the CO gas mass of the order of M CO 0.5 − 1.10 −3 M ⊕ . We report here a more sensitive survey of 25 debris disks in CO J=2→1 or J =3→2 using APEX and the IRAM-30m radiotelescope. With these observations, we reach a sensitivity limit similar to that of the recent work of Moór et al. (2015) . We have also complemented these new observations with a compilation of more recent observations of dust and gas in young disks. We report the results in this paper. Section 2 outlines the sample of sources and the observations. The description of the analysis by correlation is given in Section 3 while Section 4 is an open discussion of these results.
Samples and data reduction

APEX and IRAM observations
We performed a 12 CO J = 3→2 and 12 CO J = 2→1 survey of the sample presented in Table 1 . We selected 25 systems whose properties are similar to the recently identified gas-rich debris disks, thereby focusing on A-type stars younger than 100 Myr and with a large dust radius R dust >30 au. The sources were collected from various IRAS, Spitzer, WISE, and Herschel debris disks studies (Rhee et al. 2007; Wyatt et al. 2007; Zuckerman & Song 2004; Patel et al. 2014; Morales et al. 2009; Chen et al. 2006; Riviere-Marichalar et al. 2014; Kennedy et al. 2014) . Among the 25 selected targets, 17 are new sources for the search of CO and 8 sources had been observed in only one of these two CO transitions. We also included 2 targets with atomic gas sprectroscopic features interpreted as the signature of FallingEvaporating Bodies (FEB) (HD 21620 and HD 42111, Welsh & Montgomery 2013) .
For northern targets, we used the IRAM-30m telescope (project 172-14), attempting to detect the CO J=2→1 line with the EMIR receiver connected to the FTS200 backend providing 200 kHz spectral resolution. In the southern hemisphere, we used the APEX telescope at 345 GHz to search for the CO J=3→2 transition with the SHeFI receiver (projects 094.C-0161 and 095.C-0742).
The data reduction was done using the GILDAS/CLASS package. Spectra have been resampled to a δv=1 km.s −1 channel width. The baseline subtraction and rms calculation were performed on 800 channels, avoiding the contamination lines when present. The conversion from the T * A scale onto flux density (Jy) was done with the following factors: 41 Jy/K for APEX (1) at 1 http://www.apex-telescope.org/telescope/efficiency/ 345 GHz and 7.8 Jy/K for the IRAM-30m
(2) at 230 GHz. The final spectra are plotted on Figs. 1 and 2 , and the upper limits on CO emission are displayed as a function of the infrared excess of disks on Fig. 3 . The median distance of the observed stars is 69 pc, with a standard deviation of 46 pc. Since the flux values depend on the distance of the stars, they are not directly representative of the gas mass reservoir. We therefore present the fluxes scaled at 100 pc for all 25 stars in our sample and other targets from the literature in Fig. 4. 
Compilation of existing CO and mm continuum data
We have compiled measurements of the CO J=2→1 and CO J=3→2 emission from the literature, as well as the continuum emission at the corresponding wavelength for a wide variety of disks. We consider five categories: the classical T Tauri stars (CTTS), the Herbig AeBe, the weak-line T Tauri stars (WTTS), the hybrid disks, and finally the debris disks. We do not include class I objects in the sample to avoid confusion with remnant envelopes and nearby molecular clouds. The measurements are compiled in Table 2 . We have retrieved the integrated emission (Jy.km.s −1 ) for the CO lines, and the upper limits are always given at the 3σ level.
We have also included binary systems. As most of them are either spectroscopic or wide binaries, the dynamical influence on the disk should be negligible. We selected binary sources from the ALMA survey of Akeson & Jensen (2014) . The authors focussed on the analysis of the continuum emission, and we have retrieved the CO J=3→2 emission of 15 sources from the archive (project 2011.0.00150.S). We included binaries with dynamical truncation, such as GG Tau, since no systematic effect on the ratio S CO /F cont is seen. We have also used the data from the ALMA project 2013.1.00163.S (PI: M. Simon), which aims at determining the stellar mass of low-mass T Tauri stars by measuring the Keplerian rotation of the gas. This project adds eight sources to our compilation. In addition, for HD 21997, we have determined the upper limit on the dust emission at 1.3 mm from the archival data (project 2011.0.00780.S).
Most of these sources are in young stellar associations. The most represented complex is the Taurus-Auriga region, with approximatively half of the CTTS and Herbig AeBe, and one third of WTTS. Other stars are either isolated or belong to different clouds such as Ophiucus, upper Scorpius, TW Hya, Orion, Chameleon.
The measurements at 1.3 mm or 0.87 mm are not available for every source. However, we find a clear correlation between the observed CO J=2→1 / CO J=3→2 fluxes (scaled at 100 pc). We have thus tried to complement the missing measurements by interpolating the flux of the missing transition on this correlation line (the procedure is described in Appendix B). This assumes that the disks have physical conditions similar to those used to derive the correlation. The corresponding fluxes are represented by smaller symbols in Fig.7a and 7b. 
Results and analysis
Outcome of the APEX and IRAM survey
Our IRAM and APEX surveys were designed to provide a homogeneous sensitivity for the whole sample, and to reach a highenough sensitivity on the integrated intensity to detect dim systems such as 49 Ceti at a > 5σ level. This corresponds, for a Notes. * The radial velocity of HD 54341 was kindly provided by F. Kiefer, see Kiefer (2016) . Stars in italics are systems with earlier detection limits in one CO transition, see §2. -Schneider et al. (2013) . The last three colums show the 3σ upper limits derived from our study: on the integrated intensity of CO, the H 2 mass derived from DiskFit model and the H 2 mass directly derived from the integrated flux. The integrated flux and the H 2 masses for the tentative detection around HD 23642 are also displayed. channel width of 1 km.s −1 , to a 6 mK rms value for T * A with APEX and 6.5 mK with the IRAM-30m telescope. Most targets present no CO line detection, and we report the 3σ int upper limits on the integrated intensity, with the standard formula σ int = σ. √ ∆vδv, σ being the intensity rms in a single channel. Although typical line widths of approximately 5 km.s −1 are observed around A-stars with detected CO lines, we assume here δv = 10 km.s −1 for the sake of comparison with previous studies. Contamination from the cloud environment is seen for five sources: HD 218396, HD 42111, HD 21620, HD 166191, and HD 136246. For each CO transition, we also stacked the spectra of all observed targets, after correcting for the known system velocities, in order to improve the global signal-to-noise ratio, but this did not yield any tentative detection. The stacked spectra are displayed in green in the last insets of Fig. 1 and 2 . In Table 1 , we present the flux density upper limits for seven new targets in the CO J=2→1 transition, and two stars that had already been targeted in the CO J=3→2 transition (namely, HD 15115 and HD 218396) . The median value is 0.8 Jy km.s −1 (3 σ int ). With APEX, we report upper limits for ten new targets and improve the detection limits by a factor two at least for the other disks (median value 3σ int = 2.6 Jy km.s −1 ), compared to earlier studies Kastner et al. (2010) , Moór et al. (2011) , Hales et al. (2014) , except for HD 17848 where Moór et al. (2015) obtained more sensitive data.
A possible new hybrid disk candidate in the Pleiades
We report a tentative detection of CO J=2→1 for the doublelined eclipsing binary HD23642 (A0Vp(Si)+Am, P = 2.46 d, Abt & Levato 1978; Torres 2003; Munari et al. 2004 ). The system is classified as a debris disk with a weak infrared excess detected by Spitzer (Su et al. 2006; Morales et al. 2009; Chen et al. 2014) . The peak emission is found around 24 µm, although there is only an upper limit on the flux at 70 µm. Here we adopt the fractional excess luminosity reported by (Morales et al. 2009 
−5 , which relies on the shape of the IRS spectrum in the 20-33 µm range. The binary is composed of two Atype stars, located in the Pleiades group. Its distance has been revised to 138 ± 1.5 pc by Groenewegen et al. (2007) , in agreement with the recent works on the distance of the Pleiades.
The spectrum (see Fig.5 ) presents a double-peaked line, with an intensity integrated over the channels -8 to +2 km.s −1 estimated to 710 ± 180 mJy km s −1 . The line center is at ∼ −4 km.s −1 , consistent with the binary radial velocity of V LSR = −3.6 ± 0.1 km.s −1 determined by Groenewegen et al. (2007) . This signal is unlikely to be due to contamination by a molecu- Fig. 1 : CO J=2→1 spectra obtained with the IRAM-30m telescope. Fluxes are in Jy with respect to local standard of rest (LSR) velocity. The last box shows the cumulated spectrum made with spectra shifted in velocity to set the systemic velocity to zero (note that the flux scale is different from the individual spectra). The sources with a high rms or showing strong contamination (i.e., HD 15115, HD 21620, HD 42111 and HD 218396) are not used to produce the cumulated spectrum. The 3σ upper limit model for each spectrum is over-plotted in red (see sect. 3.3) except for the HD 23642 spectrum, where the best-fit model for the tentative detection is plotted in blue. Fig. 2 : CO J=3→2 spectra obtained with the APEX telescope. Fluxes are in Jy with respect to LSR velocity. The last box shows the cumulated spectrum made with spectra shifted in velocity to set the systemic velocity to zero (multiplied by factor five). The sources with a high rms or showing strong contamination (i.e., HD 17848 and HD 166191) are not used to produce the cumulated spectrum. The 3σ upper limit model for each spectrum is over-plotted in red (see sect. 3.3). lar cloud emission: although CO emission is present towards the Pleiades region, it appears at LSR velocities of ∼7 and 10 km.s −1 (Breger 1987; White 2003) .
If we interpret this signal as emission from a Keplerian disk, given the total stellar mass derived from spectroscopic data (2.23 M and 1.57 M ), and the inclination set to 78
• (e.g., Groenewegen et al. 2007) , the separation of the two peaks in the CO line suggests a disk outer radius much larger than 200 au.
Using the DiskFit tool (see Sect.3.3), the best-fit model yields R out = 450 ± 210 au, and a CO gas column density at 100 au of Σ 0 = 6.0 × 10 14 ± 1.3 × 10 14 cm −2 (4.6σ detection). The best fit model is overplotted in Fig. 5 .
The derived mass of gas in this system would be similar to that of the 20-40 Myr old systems HD 21997 and 49 Ceti, for which the gas origin is debated. Given the estimated age of the Pleiades cluster (∼125-130 Myr, Stauffer et al. 1998; Castellani Article number, page 4 of 23 et al. 2002) , the presence of such a large amount of remnant gas is puzzling and makes it the oldest hybrid disk candidate. Further observations are necessary to definitely confirm our finding, however the double-peaked line shape centered at the expected stellar velocity suggests a robust detection.
CO mass upper limits
The upper limits on CO integrated emission can be translated into limits on the remnant mass of H 2 gas. We derive the gas mass using two methods. The first is based on the rms obtained from the data. The second properly takes into account the velocity gradient resulting from Keplerian shear by using a disk model. Conversion to H 2 content is done using the standard value of 10 −4 for the CO to H 2 abundance ratio.
Gas mass inferred from the rms of the flux density: Here we follow the approach used by many authors and derive the CO content assuming T ex = 40 K for the excitation temperature and τ = 1 for the opacity (see Appendix A.1). These values allow a direct comparison with the literature (although a temperature T ex = 20 K is sometimes assumed). Results are shown in Table  1 . Some sources have been observed in CO J=2→1 and 3→2. The flux ratio and H 2 masses derived from the two transitions are shown in Table B .1. The discrepancy in derived masses illustrates the limits of our assumptions. We note also that Kóspál et al. (2013) have derived excitation temperatures lower than 9 K for the 12 CO in the HD 21997 disk. Fig. 6 displays the total gas mass (H 2 ) consistently derived using this method as a function of the dust fractional luminosity, for sources from past surveys and from this work (larger symbols). The median value for the limits on the gas mass (M H 2 ) in our sample is 0.1 M ⊕ (3σ). The tightest constraint is obtained for HD 14055 in CO J=2→1 and HD 35850 in CO J=3→2 transition with a limit as low as ∼0.03 M ⊕ , that is, 2 M Moon of H 2 , a value equivalent to (even slightly less than) the amount of gas recently detected with ALMA in the young β Pic system by Dent et al. (2014) .
Gas mass inferred from a Keplerian disk model: The gas mass can also be estimated by constraining the surface density in a disk modeling approach, as done in Dutrey et al. (2011) and Chapillon et al. (2012) . For this purpose, we used the DiskFit code (Piétu et al. 2007 ), dedicated to the simulation of Keplerian disks. We describe the radial physical properties of disks as power-laws, in a similar analysis to resolved disks. The disks are assumed to be in Keplerian rotation around their central stars, the mass of stars being estimated from their stellar types. We assume for the disk model an outer radius R out = 200 au, a typical value for the resolved hybrid disks, and an inner radius R in = 5 au. For six disks, the inclination is known from resolved scattered light observations: 80
• for HD 182681, 73
• for HD 17848 (Moór et al. 2015) , 56.7
• for HD 71155 (Booth et al. 2013) , 86
• for HD 15115 (Mazoyer et al. 2014) , 26
• for HD 218396 (Matthews et al. 2014) . For HD 181296, we have set the inclination to the 20
• upper limit determined by Smith et al. (2009) . The most probable value of 60
• is assumed for the other disks. The temperature law is set to 30 K at 100 au with the exponent of the radial variation q = 0.4. With an assumed exponent of p = 1.5 for the surface density (see Piétu et al. 2007 , for case studies), the surface density at 100 au Σ 0 is the only free parameter.
The model spectra corresponding to the 3σ upper limits on Σ 0 are superimposed in red to the spectra in Fig.1 and 2 . In addition, the best fit model for the tentative detection in HD 23643 is displayed in blue. The corresponding 3 σ upper limits on the total disk masses are reported in Table 1 (see Appendix A.2 for details). The derived gas masses are a factor of two or three lower than from the simple uniform T ex approach (see Table 1 ), as a result of different assumptions. As it accounts for density and temperature gradients, the method using DiskFit should be considered as more reliable.
Detection statistics
Our survey adds 17 new systems to the sample of young debris disks which have been searched for molecular gas. Taking into account these new constraints in addition to the surveys of Kastner et al. (2010) , Moór et al. (2011 ), Hales et al. (2014 , the recent survey of Moór et al. (2015) with the discovery of HD131835, and the ALMA detections of gas around HIP 84881 and HIP 76310 in the survey of Lieman-Sifry et al. (2016), we can derive an approximate estimate of the occurrence of CO gas in young debris disks: 7.1 ± 2.6 % (1σ uncertainty, 7 detections among 98 observed systems). This value can be considered as a lower limit since only less than half of the targets have been observed with enough sensitivity to detect a CO luminosity as large as that of HD 21997/49 Ceti (see Fig. 4 ). The occurrence of a CO gas disk as bright as HD 21997/49 Ceti (after scaling at 100 pc) is 12.2 ± 4.7% (1σ) (6/49 detections).
This value suggests that such systems are very rare, likely because they represent a very short transient phase in the evolution of circumstellar disks. It should also be recognised that this detection frequency does not rely on a homogeneous sample: the observed targets are located in different regions of the sky, may span a broad range of ages, and the various surveys have reached different sensitivity limits. The occurrence of hybrid disks (with secondary dust and possible primordial CO gas) is even smaller, since the origin of the detected CO gas is still debated for most gas-rich debris disks (HD 141569, HD 21997, 49 Ceti and HD 131835) . Several authors favor a secondary origin (Moór et al. 2011; for some of these systems, as is the case for the famous β Pictoris disk, where the CO gas detected by ALMA may have been produced by a massive collision of planetesimals (Dent et al. 2014) . Besides β Pic, the detected systems with the weaker CO emission (or gas mass) are HD 21997 and 49 Ceti (see Fig. 4 and 6). These two are therefore the most probable candidates for a secondary origin of the gas, although the gas mass remains one order of magnitude larger than in β Pic.
Among the stars in our study, we note that 17 disks (45 when including the surveys from the literature), that is, 68% of our sample (resp. 48%), are constrained to CO gas masses smaller than that of 49 Ceti, and one of them, HD 35850, shows even less CO gas than β Pictoris.
CO to dust flux ratio correlations
To better understand the peculiarity of hybrid disks, we compare their properties with those of other (proto-planetary) disks. For this purpose, we have chosen to study the ratio of the emission of CO over the emission of the dust,
In the literature, we find many studies considering the ratio of masses, but the mass is Article number, page 5 of 23 A&A proofs: manuscript no. survey_co_article_arxiv always a calculated value, depending on models and on assumptions about excitation conditions and dust-to-mass ratio, etc. On the contrary, the
, which is an equivalent width, is a distanceindependent product of observations that is not affected by hidden assumptions or biased by interpretation models. It may be impacted by the diversity of optical depths in the disks, but we show in the following that this ratio presents some characteristic trends that can be explained easily when considering the possible opacity conditions.
The diagrams on Fig. 7a and 7b summarize the results displayed in Table 2 by plotting the CO integrated emission as a function of the dust emission at the corresponding wavelength, and scaled at 100 pc. As some data have no given error bars, or very small ones, we have added a 10 % error bar on the whole sample in order to homogenize the sample and better account for calibration uncertainties. Different colors are used Scoville et al. (1986) ) compared to the infrared fractional luminosity of the debris disks. The same disks and symbol/color code are used as in Fig. 3. to represent the five categories of disks: blue indicates the CTTS, violet the Herbig AeBe disks, orange the WTTS, red the hybrid disks and green the debris disks. Only 13 sources are common to both diagrams. As for the transitional disks, we do not distinguish them from the CTTS category as their position on the diagrams does not depart from the CTTS group. For the CO J=2→1 / 1.3 mm emission, we have considered 33 sources where both gas and dust are detected. Among them, six sources are displayed with a lower limit arrow, meaning that the CO emission might be contaminated by the environment. 6 sources have only an upper limit on the gas emission, 3 on the dust emission (one having a lower limit on the gas), and 20 sources have upper limits both on the gas and the dust emission (mostly WTTS from Hardy et al. (2015) ). For the CO J=3→2 / 0.8 mm emission, 42 sources have the continuum and gas emission detected, 3 have only upper limits on the gas emission and 1 has upper limits on the gas and dust emissions. flux densities for more evolved systems, such as in WTTS or debris disks. The correlation is seen both at 1.3 mm and 0.8 mm.
The sample spans at least three orders of magnitude in flux density and we observe an almost linear correlation between dust and gas emissions on Fig. 7a and 7b , with no clear evidence for a slope break (although there are many more sources in the upper right-hand corner of the diagram than in the faint dust/CO emission region where the optically thin regime is expected to be found). There is no obvious difference between CTTS, HAeBe, single, and wide binary stars. A few sources lie well above the global trend: most of them are suspected hybrid disks (HIP 84881, 49 Ceti, HD 21997 and the most prominent outlier HD 141569) with the exception of the Herbig Ae (envelope embedded) star AB Aur. The dispersion around the bestfit line is less than one order of magnitude. The absence of a break in the correlation suggests that the majority of the detected gas disks might still be in the optically thick regime, while optically thin gaseous disks (expected at the last stages of the protoplanetary disk dispersal or in young debris disks) remain mostly undetected so far.
Finally, we notice on Fig.4 that there could also be a correlation between the CO integrated flux (scaled at 100 pc) and the dust fractional luminosity for hybrid disks. However, this trend is based on very few detected gas-rich debris disks so far, and their fractional luminosity spans over approximately one decade only. If it were confirmed, this trend combined with the sensitivity limits of current surveys (at the level of 49 Ceti emission) could partly explain the very low occurrence of CO detections in disks with weak IR excess (L IR /L < 5.10 −4 ). We note that the new candidate HD 23642 does not fit well on that possible trend, although its IR excess is still poorly constrained at far-IR wavelengths. The binary nature of the source (with a larger stellar mass and a suggested larger disk than other hybrid disks) may also be responsible for the discrepancies. The equivalent width, that is, the ratio S CO /F cont , has been calculated for the whole sample of 103 sources. We obtain an estimate of S CO /F cont for 73 different sources; 46 at 1.3 mm and 44 at 0.8 mm. The ratio was not calculated when only upper limits exist for both the gas and the continuum. For some sources, the flux was interpolated at 1.3 or 0.8 mm based on the observed correlations (see Appendix B). The ratio S CO /F cont was then plotted against the spectral type (Fig. 8) , the stellar mass (Fig. 9) , the stellar luminosity (Fig. 10) , the accretion rate (Fig. 11) , and the age (Fig. 12) of the stars when they are known. We have retrieved the spectral type for 98 sources, the stellar mass for 85 sources and the stellar luminosity for 71 sources. In the figures, the median value, the first and third quartiles, Q1 and Q3 (respectively delimiting values below which 25% and 75% of the sources lie), and the 5th and 95th percentiles, P5 and P95 (respectively delimiting values below which 5% and 95% of the sources lie) are drawn for a better understanding. The name of the sources is specified only for values out of P5 and P95.
Spectral type, M and L : There is no correlation between the ratio S CO /F cont and either the spectral type (Fig. 8) , stellar mass (Fig.9) , or stellar luminosity (Fig.10) . However, A stars (heavier than 2 M ) tend to have a higher S CO /F cont ratio. This trend is mainly dominated by the hybrid disks, where the ratio is approximately 1000 km.s −1 , compared to the median value ∼100 km.s −1 . Among the Herbig AeBe, only AB Aur shows a high ratio, most likely because of the presence of its envelope (see §3.7.1).
Accretion rate: We have found in the literature the accretion rates for 40 sources. We do not observe any correlation in the corresponding diagram (Fig. 11) . We do not observe any correlations in the diagrams. This may partly reflect the lack of data (only 39% of the sources have measured accretion rates), in particular for the older population (hybrids and debris). At
Article number, page 7 of 23 Fig. 7a and 7b: blue for CTTS, violet for Herbig, orange for WTTS, red for hybrid and green for debris disks. Some statistics are represented by the horizontal lines: the red full line shows the median value of the ratio for the distribution of points, the blue full lines represent the first and third quartiles (50% of the points are between these two lines) and the blue dashed lines show the 5th and 95th percentiles (90% of the points between the lines). mm wavelengths, the emission is mostly dominated by the outer parts of the disks, and the sensitivity on inner parts is limited. Since the accretion tracers reflect phenomena occuring close to the star, it is not surprising that the global emission of the disk is not correlated to the the local inner accretion signatures. Measurements or at least upper limits on the accretion rates on more evolved stars might help, but it seems that accretion signatures are not a good tracer for evaluating the global evolution of the material around disks.
Age: We have retrieved the age of 82 sources and present the relationship between the ratio S CO /F cont and age in Fig. 12 . A trend is observed for older disks to have higher S CO /F cont ratios. Nevertheless, as already noted in paragraph 3.6, the trend is mainly driven by the hybrid disks, and possibly affected by the difficult determination of ages of young stars.
Outliers
Here we list the disks that seem to have an equivalent width S CO /F cont departing from the observed median value 100 km.s −1 , that is, lying below the 5 th quartile and above the 95 th quartile in the different diagrams presented in section 3.6. With the exception of AB Aur, all sources having a high flux ratio belong to the category of hybrid disks.
3.7.1. Objects with high equivalent width HD 141569 The star of spectral type B9.5V/A0Ve is located 116 pc and has two M-star companions that may be unbound (Reche et al. 2009 ). The age of the triple system is approximately 5 ± 3 Myr (Weinberger et al. 2000; Merín et al. 2004) . CO (2-1) / 1.3 mm younger gas-rich system AB Aurigae (Piétu et al. 2005; Tang et al. 2012 ) and the more evolved β Pictoris disk. The debris disk of HD 141569 (Meeus et al. 2012 , L IR /L = 9×10 −3 ), presents a complex multiple-ring architecture with spirals and gaps imaged in scattered light by the HST (Augereau et al. 1999; Weinberger et al. 1999; Mouillet et al. 2001; Boccaletti et al. 2003; Clampin et al. 2003) . A large quantity of molecular and atomic gas is still present (Zuckerman et al. 1995; Brittain et al. 2003; Dent et al. 2005; Goto et al. 2006; Brittain et al. 2007; Salyk et al. 2011; Thi et al. 2014 ). The CO gas extends out to ∼250 au (Flaherty et al. 2016; Pericaud et al. 2016 ).
HD 21997 A gaseous disk around HD 21997 discovered by Moór et al. (2011) in a survey of gas around young debris disks (L IR /L = 7.2 × 10 −4 , Chen et al. (2014) ). Located at 72 pc, the A3 star is a member of the Columba association, which is estimated to be ∼ 30 Myr old (Moór et al. 2006; Torres et al. 2008) . Given the age of the star and the amount of CO, have proposed that the gas could be produced by collisions of comets. Nevertheless, the detailed study of the system with ALMA resolved observations Kóspál et al. 2013 ) reveals that the gas and the dust are not co-located, which could imply that they have a different origin: the gas might still be primordial while the dust is of second generation.
49 Ceti The system is very similar to HD 21997: the spectral type of this 59 pc distant star is A1, and it is associated with the 40 Myr Argus group Torres et al. 2008) . It is one of the first debris disks (L IR /L = 4.6 × 10 −4 , Chen et al. (2014)) where CO gas was detected (Zuckerman et al. 1995) . The origin of the gas is still debated, and the comparison of the resolved ALMA observations of the dust with the gas (Hughes et al. 2008 ) will help to decipher its origin, currently proposed to be either primordial or secondary.
HD 131835 The gas disk around HD 131835 was discovered using the same approach as for HD 21997, during a survey to detect gas in debris disks (Moór et al. 2015) . They have detected the J = 3→2 transition at a 5σ level, but no significant emission is observed for the CO J=2→1 and CO J = 4→3. In addition to the gas detection, they have deeply studied the disk thanks to the Herschel, Spitzer, and FEROS instruments. The dust is resolved at 70 and 100 µm, extending, on average, to 170 au, with a fractional dust luminosity L IR /L of 2.0×10 −3 (Chen et al. 2014 ). This A2-type star (122 pc) is young (16 Myr, Pecaut et al. (2012) ), and thus represents another example of a gas-rich debris disk, possibly of the hybrid kind: the analysis of the gas by Moór et al. (2015) does not rule out a primordial origin.
HIP 84881
The disk of HIP 84881 has been revealed by the analysis of WISE photometric data (Rizzuto et al. 2012) . Its infrared fractional luminosity is of the same order of magnitude as HD 141569, HD 131835, and β Pic ( f = 3.78 −3 , McDonald et al. (2012)). This has motivated the search for gas in this young debris disk with ALMA. Both the CO and continuum are detected at 1.3 mm (Lieman-Sifry et al. 2016 ). The dust disk has a marginally resolved inner radius, <20 au and extends out to 150 ±30 au. AB Aurigae This is a younger Herbig Ae system of the Taurus region, ∼4 Myr old. The A1-type star is surrounded by a large flared disk of gas and dust. A 100 au inner depletion of material is observed (Piétu et al. 2005) , as well as spirals both in the gas and dust warped distributions (Fukagawa et al. 2004; Hashimoto et al. 2011; Tang et al. 2012) . A large envelope remains present around the system (r∼1300 au, Grady et al. (1999) ), from which material could be accreted despite its evolved age (Tang et al. 2012) . Consequently, the high ratio of CO emission compared to the dust might be affected by this remnant envelope.
Objects with low equivalent width
HD 245185 This A type star HD 245185 is part or the λ Orionis cloud, located 450 pc away, even if the membership of the Taurus region is not excluded (Ansdell et al. 2015) . Several studies have demonstrated that the star is accreting material from a primordial disk (Finkenzeller & Mundt 1984; Herbst & Shevchenko 1999; de Winter et al. 2001; Hernández et al. 2004; Acke et al. 2005; Wade et al. 2007; Hernández et al. 2010; Donehew & Brittain 2011) . Ansdell et al. (2015) have observed the detected CO J=2→1 emission and the dust at 850 µm. They observe a mid-IR dip in its spectral energy distribution (SED), which could be the sign of a gap in the disk.
DL Tau A dust disk around DL Tau was first detected by Beckwith et al. (1990) , followed by the observation of CO gas (Koerner & Sargent 1995; Simon et al. 2000) , CN , and H 2 CO (Guilloteau et al. 2013) , despite strong confusion. While the CO and CN extends out to ∼460 au, the dust disk is smaller, with an outer radius of 150-180 au (Guilloteau et al. 2011; Kwon et al. 2015) . Contamination by the molecular cloud may have affected the integrated line flux.
DQ Tau This is a spectroscopic binary, part of the TaurusAuriga complex, implying a distance of ∼140 pc and a young age (1-3 Myr). With an orbital period of 15.8 days, the stellar separation is ∼0.1 au (Mathieu et al. 1997) . The authors deduce that the disk truncation effect by the binary is limited to the inner 0.4 au region, and that no effect is visible on the SED compared to a single classical T Tauri disk. Warm CO and dust have been detected in this region (R CO ∼0.1 au, Carr et al. (2001) , R dust ∼0.2 au, Boden et al. (2009) ). The system is strongly accreting material from the circumbinary disk, as attested by the variability of the infrared and radio emissions (Salter et al. 2008; Bary & Petersen 2014) . The gas emission is faint, and only 12 CO has been detected (CN and H 2 CO search led to non-detections, strong 13 CO confusion, Guilloteau et al. (2013) ). Williams & Best (2014) estimate the gas disk mass to be lower than 10 −3 M and the dust mass lower than 9×10 −5 M .
BP Tau Like DQ Tau, BP Tau is a member of the Taurus cloud, but is a single star harboring a CO disk extending out to 120 au, and a dust disk larger than 100 au . This makes BP Tau one of the most compact disks detected. Dutrey et al. (2003) argue that the 12 CO is optically thin, which could explain its low position on the diagram. Fig. 7a and 7b reveal an interesting correlation that can be interpreted as follows: different regimes of opacity correspond to different regions of the diagrams. Depending on the dust/gas opacity, the emission is governed by different disk physical parameters. Following the standard description of a dust disk (Dutrey et al. 1996) , in the optically thin regime, the flux can be written as:
Discussion
Interpretation of the S CO /F cont correlations
where T is the (average) temperature, κ the absorption coefficient, and M the mass (each of these parameters being relative to the gas or dust component). The continuum emission of dust grains is expected to be optically thin at the considered wavelengths even for proto-planetary disks (typically, the optically thick area has a radius of R 10 au at 1.3 mm for a disk such as that surrounding DM Tau). In contrast, we expect the 12 CO gas emission to be mostly in the optically thick regime, where it should then write:
where R out and R in are respectively the outer and inner radii of the disk. To compare the optically thin emission to the optically thick one, we can develop Equation (1) and write the mass as a function of the inner and outer disk radii. Indeed, the mass can be derived from the surface density (see Appendix A.2 for details), Σ(r) = Σ 0
At first order, we thus see that the emission in the optically thick regime (upper part of the diagrams), neglecting the Fig. 13 : Diagram showing the physical parameters which dominate the emission of the CO gas and dust (see Section 4.2 for details). The higher part of the plot represents the optically thick regime of the gas, and the lower part represents the optically thin regime. In a hybrid disk such as HD 141569, the dust may evolve faster than the gas in a first step, moving the disk out of the correlation. In a second step, the natural gas dissipation moves downwards in position. On the contrary, debris disks are expected to lie in the optically thin region. For β Pic, the position of the disk in the diagram could be higher than expected because of the gas enhancement produced by collisional events. For both sources, the arrows show the expected path in the diagram resulting from their possible evolutions.
inner radius, varies as R 2 out , while the optically thin emission varies as R 2−p out . The transition between the optically thick and thin regimes for the gas emission should then result in a slope break, as sketched out in Fig. 13 . Others parameters, such as the inclination, the difference between the dust and the gas temperatures, or the presence of a large inner hole may be responsible for the dispersion of the points around the global trend in these diagrams, but should not affect the dependence on R out .
Interestingly, we do not observe a break in the correlations of Fig. 7a and 7b , all the observed sources show the same slope suggesting optically thick CO emission all along.
A possible diagram of evolution
In Figs 7a and 7b , the systems span a large range of properties (luminosity, mass and age etc.), from envelope-embedded young Class II sources to transition and young debris disks, and a large fraction of the disk evolution sequence is represented. Therefore, we investigate whether or not the correlation observed between the CO emission and the thermal mm/sub-mm flux can be interpreted as a sequence of evolution in the life of disks.
First of all, it is important to highlight that the detected hybrid objects are either isolated or in loose associations, and may not be representative of disk evolution in dense clusters. Observations show that the fraction of disks seems lower in older clusters (Haisch et al. 2001; Hernández et al. 2007) , which indicates that the disk lifetime is approximately 5 Myr. Survival of disks in general, however, might not be as short as the age determined in these studies. Indeed, in clusters, the rich stellar environment may enhance the disk dispersal and lead to shorter lifetime estimates than for isolated stars (Pfalzner et al. 2014; Vincke et al. 2015) . Pfalzner et al. (2014) evaluate that at least 30%, and possibly as much as 50%, of the disks are living for more than 10 Myr. The (isolated) hybrid disks we are discovering nowadays might thus be the first of a long series. The fact that they are found around isolated A-stars contributes to the ease of their detection, since their disks tend to be more massive and luminous.
Nevertheless, as a proto-planetary disk evolves, its surface density becomes eroded under the effects of viscous evolution, photo-evaporation and planet formation. As a consequence, its dust and gas emissions are expected to decrease until they reach the optically thin domain of debris disks where, for a matter of sensitivity, only the continuum emission of (second generation) dust remains detectable in most cases. The accretion rate is also often interpreted as an indicator of the evolution of the disks, since the accretion signatures are supposed to decrease when the gas dissipates. Hartmann et al. (1998) have identified a decrease of the accretion rates with the stellar age, but the study was restricted to CTTS disks. Several studies have also examined the evolution of the accretion rate in transitional disks compared to CTTS ones, since transitional disks are supposed to be in a more evolved stage than CTTS. It appears that the disk fraction showing accretion signatures is significantly lower in the transitional disk population, but when they are present, the accretion level is similar to the CTTS level, or less than an order of magnitude below (Fang et al. 2013; Sicilia-Aguilar et al. 2010; Espaillat et al. 2012; Najita et al. 2007) . Fig. 11 does not show any correlations.
In Figs 7a and 7b, there is no significant difference between young (gas rich) disks orbiting Herbig Ae and T Tauri stars. The linear shape of the CO/grains emission distribution in Figs 7a and 7b, and the small dispersion around the mean trend suggest that the gas and dust components generally evolve concurrently, with comparable dissipation timescales, even if in our sample the distribution of CTTS (including binaries, which are all along the main correlation) is more homogenous than that of Herbig Ae stars.
Although the number of faint disks simultaneously detected in CO line and continuum remains too small for a robust analysis in the bottom-left region of the diagram, all hybrid disk candidates (red symbols) with evolved dust and gas of (partially) primordial origin clearly lie above the correlation line. This reveals either a deficit of dust emission or an excess of CO emission. Similarly, we also observe an enhanced flux ratio in Figs. 8, 9 and 10 for the hybrid disk population.
Origin of hybrid disks
Herbig Ae stars may follow a different pathway, that is, on a specific trend lying above that of low-mass stars or with a different slope in Figs 7a and 7b, but the lack of Herbig stars in the range F CO = 10 − 500 mJy prevents us from drawing conclusions. However, in this region of the diagram, sensitivity is not an issue and the apparent absence of Herbig Ae stars in the vicinity of the hybrid disks group might be better explained by an effect of disk dissipation rather than by a detection bias. Two scenarios, corresponding to different evolution pathways in Figs 7a and 7b , may be invoked.
Excess of CO by comet/planetesimal destruction
In this first case, dramatic events such as analogs of the Late Heavy Bombardment in our solar system (Gomes et al. 2005) or a massive collision may be invoked to make faint sources move towards the upper part of the diagram. Such a scenario is suspected for β Pictoris, whose large CO intensity is thought to originate from a recent collision between Mars-size objects or in an enhanced collision rate due to planetesimals trapped in mean-motion resonances with an unseen planet (Dent et al. 2014) . This suggests that its current location in our diagram, on the same line as optically thick disks, is transient (see Fig. 13 ), while the "steady-state" regime of the icy debris collisional cascade may produce insufficient CO gas for most debris disks to be detectable (see recent ALMA non-detections of CO around the nearby debris disks Fomalhaut and HD 107146, Matrà et al. 2015; Ricci et al. 2015) .
For HD 21997, a typical hybrid disk, Kóspál et al. (2013) have evaluated the CO mass from the C 18 O emission. They constrain it to 4-8×10 −2 M ⊕ , that is, ∼4×10 23 kg and ∼7×10 20 kg for 12 CO and C 18 O (assuming an isotopic ratio of 560), respectively. They estimated that such a CO mass cannot be purely produced by cometary collisions, as at least 6,000 Hale-Bopp like comets would need to be totally destroyed each year.
To evaluate the relevance of a comet/planetesimal destruction scenario in explaining the observed CO mass, we outline another approach. We use the following assumptions: From the observed CO column density in HD 21997, neglecting the shielding from dust grains which have a low column density and taking into account both the stellar UV flux and the ISM flux, Kóspál et al. (2013) found that the lifetime would be < 30, 000 yr for 12 CO and < 6, 000 yr for C 18 O. The observed C 18 O content would thus need to be replenished at a rate of 10 17 kg.yr −1 . The available reservoir of comets estimated above would then be exhausted in less than 6 × 10 5 yr. Without a reservoir, the remaining 12 CO would only last <30 000 yr longer. This should be compared to the required duration of the phenomenon: 3 Myr given the detection rate (approximately 7 %) and age of the oldest system (approximately 40 Myr). Thus, in spite of the uncertainties in our assumptions (particularly in our conservative estimate of the CO production rate), it is very unlikely that the scenario of comets/planetesimals destruction could explain the whole CO emission observed in hybrid disks.
Deficit of mm emission -grain growth
In the second scenario, the observed correlation suggests that disks share common properties during most of their lifetime, differing in characteristic size and surface density, but not in gas to dust ratio, and evolve along the correlation line because of a global decrease in gas and dust content. Hybrid disks would appear when the dust properties change significantly enough to affect the CO flux to mm flux ratio. A potential cause is grain growth, as observed in the inner regions of disks (Guilloteau et al. 2011; Pérez et al. 2012) , which lowers the dust opacity and thus the mm flux without affecting the gas. A further reduction of the NIR to UV dust opacity can allow the onset of photoevaporation, which will then reduce the gas content faster than the dust content (Gorti et al. 2015) . In this scenario, the small number of hybrid disks is in accordance with the short duration of the gas-rich, optically thin dust phase.
Unfortunately, the gas to dust ratio is difficult to estimate from the observations, which only prove a high CO to continuum flux ratio in the hybrid disk phase. The more detailed studies of HD 21997 (Kóspál et al. 2013) and HD 141569 (Di Folco et al., in prep.) indicate gas to dust mass ratios much larger than the canonical ISM value of 100 in the outer disk regions (R > 100 au) sampled by the observations. However, the paucity of resolved hybrid disks precludes any firm conclusion on the gas to dust mass ratio, and thus on the validity of the proposed scenario. We note however that a fast dust evolution in these disks around A-type stars is also supported by the observational finding from NIR excess that the (small) dust dispersal timescale was found to be shorter around intermediate-mass stars than around low-mass stars (e.g, Hillenbrand et al. 1993; Kennedy & Kenyon 2009; Ribas et al. 2015) .
Current searches have focussed on A stars: establishing the fraction of hybrid disks around lower-mass stars would be an essential step in indentifying the cause of their existence. This requires much more sensitive searches, only possible with ALMA (see Lieman-Sifry et al. 2016) . Spatially resolved studies such as those of HD 21997 and HD 141569 are also needed to move from a global CO to dust flux ratio to a view of their respective distributions, and to guide us towards the understanding of this elusive phase. When the error on a measurement was unknown, it was fixed to 20% of the value. A 10% uncertainty was added to those given in Table 2 for the linear regression. CO (3-2) / 0.8 mm The color code is the same as in Fig. 7a and 7b: blue for CTTS, violet for Herbig, orange for WTTS, red for hybrid and green for debris disks. Some statistics is represented by the lines: the red full line shows the median value of the ratio for the distribution of points, the blue full lines represent the first and third quartiles (50% of the points are between these two lines) and the blue dashed lines shows the 5th and 95th percentiles (90% of the points between the lines). Fig. 9 . The Pearson coefficient of correlation of the data, P c , is indicated in the lower right-hand corner. Right: Ratio S CO /F cont plotted against the stellar luminosity, at 0.8 mm. The color code and lines are the same as in Fig. 10 . The Pearson coefficient of correlation of the data, P c , is indicated in the lower right-hand corner. Fig. 11 . The Pearson coefficient of correlation of the data, P c , is indicated in the lower right-hand corner. Right: Ratio S CO /F cont plotted against the age of the system, at 0.8 mm. The color code and lines are the same as in Fig. 12 . The Pearson coefficient of correlation of the data, P c , is indicated in the lower right-hand corner.
